The genetic differentiation of Solea solea and Solea senegalensis from several estuarine systems along the Portuguese coast was studied. Nine polymorphic isozyme loci (ACP-1*, ACP-2*, GPI-1*, GPI-2*, sMDH*, ME-1*, ME-2*, MPI* and PGM*) were analysed using starch gel electrophoresis and isoelectric focusing. Differentiation between the species was high (mean average Nei distance of 0.93). The most efficient loci in the diagnosis of the two species were ACP-1*, ME-2* and GPI-2*. S. solea showed a higher genetic diversity than S. senegalensis. Within each species a low genetic differentiation between the samples analysed was found. Although with a low magnitude the interpopulational genetic differentiation of S. solea was higher than that of S. senegalensis. This could probably be explained by some particularities of the life cycles of these species, namely the more extended period of occurrence of larval stages of S. senegalensis in the plankton. Although no clear evidence about the population structure model emerged from the analysis of several Atlantic and Mediterranean populations of S. solea, the significant correlations obtained between genetic and geographical distances support an isolation by distance model.
INTRODUCTION
Estuarine fish communities comprise species with different life-history patterns. A particularly important component of these communities is represented by marine species that use estuarine systems as nursery areas, in order to benefit from the high food availability and the existence of few predators (Haedrich, 1983; McLusky, 1989) .
European sole, Solea solea (Linnaeus, 1758) and Senegalese sole, Solea senegalensis Kaup, 1858 , are marine species with this kind of life cycle. These two flatfish species have a very similar morphology and a sympatric distribution from North Africa and the western Mediterranean up to the Bay of Biscay (Quéro et al., 1986) . While ecological information concerning S. senegalensis is scarce and refers almost exclusively to the Portuguese coast (e.g. Andrade, 1989; Costa and Bruxelas, 1989; Cabral and Costa, 1999) , substantial knowledge has been gained on S. solea, mainly in north European estuaries and coastal areas. The adult populations of S. solea are located on the continental shelf, where spawning takes place at water depths ranging from 40 to 100 m (Koutsikopoulos et al., 1989; Koutsikopoulos and Lacroix, 1992) . Larvae and juveniles tend to migrate to coastal areas by both passive and active transport processes that are not yet completely understood Masson, 1989, Koutsikopoulos and Lacroix 1992; Amara et al., 1994 Amara et al., , 1998 . Juveniles of S. solea concentrate in estuaries and in bays for a period of about two years, after which they start to migrate off coastal areas (Koutsikopoulos et al., 1989) .
As for other marine fish species, the main feature of the life cycle of S. solea and S. senegalensis is a division into a juvenile phase that is predominantly estuarine and an adult phase that is marine. This lifehistory pattern may have an impact on the structuring of offshore adult populations, particularly on the genetic differentiation, since a strong association between a particular spawning and nursery area can be expected.
Although several studies on the genetics of Solea spp. have been carried out (e.g. Quignard et al., 1984; Pasteur et al., 1985; Goucha et al., 1987; She et al., 1987) , only a few were focused on population genetics (e.g. Koutolas et al., 1995; Exadactylos et al., 1998) . According to Koutolas et al. (1995) , some features of the life cycle of S. solea may induce a low genetic flux; these include the homing behaviour to spawning grounds and physical barriers to larval dispersion. Other features might, however, result in "large scale" genetic exchanges, conferred by the long duration of the larval period and a high individual fecundity.
The present work aims to study the genetic differentiation between S. solea and S. senegalensis along the Portuguese coast based on isozyme analysis. This geographical area is particularly of interest since almost no other studies have been done and this is the principal zone in the Atlantic where these species are sympatric. Furthermore, the geomorphological particularities of the Portuguease coast, e.g. a narrow continental shelf divided by deep canyons, could induce a different population substructuring pattern compared to north European areas, which are much shallower. The results obtained for the Portuguese coast may also provide a better understanding of the genetic differentiation of these species a broader geographical scale, especially with regard to the differences between north European and Mediterranean populations reported by several authors (e.g. Koutolas et al., 1995; Exadactylos et al., 1998) .
MATERIAL AND METHODS
Samples were collected between July and August 1997 in four estuarine systems of the Portuguese coast: Ria de Aveiro, Tagus and Mira estuaries and Ria Formosa (Fig. 1) . Beam trawls and trap nets were used to catch the fish. All specimens caught were less than two years old. Due to their differential pattern of abundance, few individuals of S. senegalensis were captured in Mira estuary (and thus they were not considered for the genetic analysis) and none of S. solea in Ria Formosa.
Liver, muscle and blood tissue samples were taken immediately after capture and stored at -80ºC until electrophoretic analysis. Liver and muscle cells were disrupted by use of ultrasound after adding distilled water. The tissue enzymes were analysed by horizontal starch gel electrophoresis (SGE) or isoelectric focusing (IEF). IEF was used since for some of the markers the interpretations of the patterns in the gels were not satisfactory when SGE was used. The technical procedures of these methods are described in Murphy et al. (1996) and Alexandrino et al. (1996) . Histochemical staining methods were adapted from Harris and Hopkinson (1976) . Among the 24 loci examined (Table 1) , only a sub-set of nine loci was used in the analysis, since when a cer-tain enzymatic protein gave no satisfactory results or seemed to be monomorphic in both species it was omitted for further studies. Alleles were designated by their electrophoretic mobilities relative to the anodal mobility of the most common allele, which was designated as 100.
Allelic frequencies were calculated in BIOSYS-I (Swofford and Selander, 1985 Aspartate aminotransferase 2.6.
cies (inter-sample comparisons) and the genotypic frequencies (conformity to Hardy-Weinberg expectations) were compared by randomisation-based tests, using Fstat software (Goudet, 1998) . F-statistics devised by Wright (1951) summarise population structure, explaining the proportion of the total genetic variation by differences within populations (F IS ) and between populations (F ST ). Both statistics were calculated by the method of Weir and Cockerham (1984) , using Fstat software (Goudet, 1998) .
Cluster analysis was performed to evaluate the relationships among populations. Nei genetic distance (Nei, 1978) and the UPGMA clustering method were used and obtained from PHYLIP (Felsenstein, 1993) . Comparisons with other populations of different geographical areas were made using Goucha et al. (1987) and Koutolas et al. (1995) data on the common genetic markers (GPI-1*, GPI-2*, sMDH* and PGM*). Despite the low number of polymorphic loci used, this analysis was made in order to produce some preliminary results on the genetic similarities of the Portuguese samples to those from other North Atlantic and Mediterranean areas. Several other studies also based a population analysis on few loci, some not particularly highly polymorphic (e.g. Blanquer et al., 1992; Castilho and McAndrew, 1998; Chaplin et al., 1998) . For this analysis allele relative mobility assignments were made. Data of 20 populations of S. solea (11 from the Atlantic coast, i.e. 8 from North Europe and 3 from Portugal, and 9 from the Mediterranean), 5 of S. senegalensis (4 from the Atlantic coast, i.e. 3 from Portugal and 1 from North Africa, and 1 from the Mediterranean) and 2 of S. aegyptiaca (from the Mediterranean) were used in this analysis (Fig. 1) . Nei genetic distance and the UPGMA clustering method were also used in this analysis and obtained from PHYLIP (Felsenstein, 1993) . Pairwise genetic and geographic distance calculations (taking into account the curvature of coastline) were made between these 20 populations of S. solea, in order to evaluate the existence of random mating and gene flow. The Mantel test, performed in BIOMstat (Rohlf and Slice, 1995) , was used to estimate the association between these two matrices.
RESULTS
Nine of the surveyed loci were polymorphic (Table 2) , ACP-1* and MPI* being described for the first time for these species. ACP-1*, GPI-2* and ME-2* were diagnostic loci for S. solea and S. senegalensis, each one presenting specific alleles for each species.
Six putative loci of ACP-2* were identified in S. solea, while for S. senegalensis only one was found. ACP-2*100, ACP-2*115, ACP-2*120 and ACP-2*130 were common alleles in S. solea samples. For S. senegalensis only ACP-2*120 was detected.
The pattern observed for GPI-1* was similar for both species, two putative alleles being recorded. For GPI-2*, the alleles identified in S. solea were different from those of S. senegalensis. GPI-2*100 showed the highest frequencies for S. solea while GPI-2*120 did for S. senegalensis. All the other variants, except GPI-2*110 in S. solea, were detected in low frequency.
A similar frequency distribution was noticed for sMDH* in both species, sMDH*110 being a low frequency allele. Concerning ME-1*, ME-1*100 was the most common allele in S. solea, with frequencies from 0.88 to 0.97. Although with lower values, ME-1*95 was also a common allele (frequency values from 0.03 to 0.09). This allele was the most represented in S. senegalensis, with values ranging from 0.57 to 0.59. For the latter species, ME-1*90 also showed a high frequency (from 0.35 to 0.39), while ME-1*100 was rare.
For MPI*, the allelic diversity recorded in S. solea was higher than that obtained for S. senegalensis. For the first species, MPI*100 was the most common allele (with frequency values from 0.61 to 0.85). The majority of the other putative alleles were less common and some were limited to certain populations. For S. senegalensis MPI*95 showed extremely high frequencies (between 0.97 and 1.00).
Finally, the results obtained for PGM* were similar in both species, PGM*100 being the most common allele, with frequency values from 0.88 to 0.99.
A significant deviation from Hardy-Weinberg equilibrium was observed only in one test corresponding to a deficiency in expected heterozygote proportion: ME-1* (p<0.05 in randomisations tests, following the adjustments for multiple simultaneous tests).
The values of mean heterozygosity determined over 16 loci (over the 9 polymorphic and 7 monomorphic loci that were considered, see Table  1 ) for S. solea and S. senegalensis were 0.121 and 0.048 respectively. The analysis of the F-statistics determined for both species shows that only 1.3 and 0.2% (respectively for S. solea and S. senegalensis) are due to differences among populations (Table 3) . The randomisations tests used to assess population differentiation showed no significant differences GENETIC DIFFERENTIATION OF S. SOLEA AND S. SENEGALENSIS 47 (Nei, 1978) values between the two species were high (mean value 0.93), while within populations of each species they were extremely low (mean value less than 0.007), the estimates for S. senegalensis being lower (Table 4) . The dendrogram based on Nei genetic distance (Nei, 1978) between the Portuguese samples of S. solea and S. senegalensis indicated the genetic discreteness of the two species, and it was noticed that for both species the Tagus samples were grouped separately from the other sampling sites (Fig. 2) .
The dendrogram that resulted from the cluster analysis using several European and African populations of S. solea, S. senegalensis and S. aegyptiaca showed that these three species were well differenti- (Table 4) obtained from the Portuguese samples of S. solea and S. senegalensis (numbers between brackets are relative to the sites presented in Fig. 1 ). (Table 5) obtained from the 27 Atlantic and Mediterranean samples of S. solea, S. senegalensis and S. aegyptiaca analysed (Atlant: Atlantic; Med: Mediterranean; numbers between brackets are relative to the sites presented in Fig. 1 ).
S. solea, S. senegalensis and S. aegyptiaca analysed (numbers are relative to the sites presented in Fig. 1 Figure 1 ). ated (Fig. 3) . Despite the low values of genetic distance between S. solea populations, two main geographical clusters were identified: North Atlantic and Mediterranean populations (Fig. 4) 
DISCUSSION
As previously reported by other authors (e.g. Goucha et al., 1987, Tinti and Piccinetti, 2000) , S. solea and S. senegalensis are genetically well differentiated. The techniques developed in the present study revealed two new diagnostic loci (ACP-1* and ME-2*) for these two species and also described a new polymorphic locus (MPI*). Several rare alleles from other loci may also be diagnostic, but the consistency of these markers is particularly dependent on sample size.
The genetic diversity values determined for the Portuguese samples of S. solea were lower than those reported for Northeastern Europe by Koutolas et al. (1995) and for Mediterranean areas by Goucha et al. (1987) . Koutolas et al. (1995) reported a decrease in mean heterozygosity estimates from northern towards southern areas while Exadactylos et al. (1998) found an inverse relationship. The mean heterozygosity values determined by these authors are generally lower than those obtained for the Portuguese samples. However, these values are highly related to the number and type of the loci analysed and consequently limit comparisons between results from different studies. The values obtained for S. senegalensis Portuguese populations were within the range reported by other authors (e.g. Goucha et al., 1987) . Although a lower number of studies are available for S. senegalensis, the genetic diversity determined for these species is lower than that reported for S. solea.
Although several aspects of the life-cycles of S. solea and S. senegalensis and certain oceanographic particularities of the Portuguese coast, namely the existence of several canyons that can act as barriers, could presumably favour genetic differentiation, the genetic differentiation between samples was very low. A general pattern of low genetic divergence among populations of marine fish species has been pointed out by several authors (e.g. Smith and Fujio, 1982; Gyllensten, 1985) , who report that the level of differentiation (F ST ) expected for high mobile species usually ranges from 0 to 0.028 (Waples, 1987) . Nevertheless, for some marine species with high dispersal capabilities, several studies have pointed out the existence of population differentiation. Lenfant and Planes (1996) outlined that some samples of Diplodus sargus (Linnaeus, 1758) showed genetic divergence from others, among several sites in the Mediterranean. Chaplin et al. (1998) , in Australia, found considerable variation among samples of Acanthopagrus butcheri (Munro, 1949) , a marine-estuarine opportunist species, even within a small geographical scale. For the Portuguese coast, Castilho et al. (1998) suggested that population structuring of Dicentrarchus labrax (Linnaeus, 1758) exists along the Portuguese coast, and reported some restriction to flow between the population of Algarve and all the other sites of the North.
The homogeneity among samples obtained in the present study, both for S. solea and S. senegalensis, de-emphasises the importance of estuarine systems as structuring forces of genetic differentiation. This could be due to a high genetic flux between populations at different stages of the life cycles, namely adult migration between spawning grounds and juvenile dispersion after the estuarine phase. However, several authors (e.g. Avise, 1994; Koutolas et al., 1995; Hillbish, 1996) suggest that larval period is probably the most important in this context, the genetic flux higher being with increasing duration of pelagic larval period. This could explain the lower values of genetic differentiation obtained for S. senegalensis, which on the Portuguese coast have a wider spawning period and consequently a more extended period of larval occurrence in the plankton (Dinis, 1986) .
According to Koutolas et al. (1995) , the patterns of genetic differentiation observed for S. solea in a broader geographical area suggest the existence of an isolation by distance populational structure, with large units being recognised in an east to west and north to south pattern of differentiation. High levels of gene flow between S. solea populations were reported by Exadactylos et al. (1998) in a study of several north European and
